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8-Methoxypsoralen (8-MOP) and long-wave UV light (U VA, 365 nm) a re now being used to 
t reat vit iligo and psori as is. Cul tured human lym phocytes exposed to t hese agents in vitro 
show an increased in frequency of siste r chromatid exchanges, related to 8-MOP- DNA 
photoadducts. Although t hese data ra ise questions regarding t he b iologic consequences of 
this thera peut ic regimen, it is unknown whether 8-M OP and UVA cause mutations or 
extracutaneous somatic cell recombinants in vivo. Exchanges may represen t cellular repa ir 
of DNA damage . 
T he psoralens are photosensit izing furocouma-
rins and , s ince ancient t imes natural sources of 
psoralens have been known to promote cutaneous 
pigmentation . For more t han 25 years one such 
compound, 8-methoxypsoralen (8-MOP), and 
more recent ly a synt hetic cogener, t rimethyl psora-
len (TMP) , heve been used effective ly in t he 
t reatment of vit iligo [1 ,2 ). Psora len photosensit i-
zation depends upon the photomed iated , cova lent 
bind ing of psora lens to pyrimidi ne moieties in 
DNA [3,4 ). Binding requires long-wave UV light 
(UVA) at 365 nm , and both monofun ctiona l psora-
len-DN A photoadducts and bifunctional, or cross-
linking, psoralen-DNA photoadducts are formed 
[5 ]. Psora len-DNA photoadducts affect seve ra l 
important cell fun ctions: DN A re plication and ce ll 
d ivision are decreased ; and p igment production is 
increased [6,7 ). 
Suppression of cell di vision , espec ia lly by psora-
len- DNA cross- links, suggested t hat psora lens and 
UVA might be useful in t he t reatment of psori asis, 
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a com mon skin d isease characte ri zed by rap id, 
epidermal ce ll proliferation [8 ). F avora ble resul ts 
have recent ly been obta ined in t he treatment of 
human psoriatic patien ts wit h 8-M OP and a new, 
high-in tensity la mp as t he source of UVA [9,10 ]. 
T he biologic consequences of t he psoralen-DNA 
interaction have, t herefore, assumed greate r signif-
icance. Of pa rticular in terest is t he mechanism of 
repa ir of t he psora len- DNA complex, which proc-
ess, at least in eukaryotic ce lls, is not we ll under-
stood [11 ,12). In t his communication, we report 
certa in cytogeneti c consequences of 8-MOP and 
UVA in human lymphocytes in cul t ure. We have 
observed t hat t he number of s ister-chromatid ex-
changes (SCE) in chromoso mes of mitotic ce lls is 
greatly enhanced by 8-MOP and UVA. We suggest 
t hat such exchanges may be a cytologic manifesta -
tion of cellular repair of psora len- DN A photoad-
ducts. 
M ATERIALS AND METH ODS 
Cul tures of hu man peri pheral leukocytes from t he 
venous blood of a norm al, healt hy person were estab-
lished in Parker med ium contai ning phytohemagglut inin 
and no a ntib iotics '[13 ]. After 24 hI', cul tures were grown 
cont inuously in the presence of t he base analogue , 
5-bromodeoxyuridine (BrdU, 6 ILg/ml) fo r 48 hr un t il the 
cells were harvested . During the 72 hI' of cul t ivation, care 
was taken to avoid exposure of cells to light except when 
certa in ones were irradi ated with UV A. Colchicine (5 x 
10- 5 mg/ml) was added for the last 2 hr of cul ture t ime. 
Chromosome spreads were prepared on glass slides [14 ] 
and sta ined wi th Hoechst 33258 and Gie msa [15 ]. By 
light microscopy with t he oil immersion lens, SCE were 
counted in numerous cells for eac h experimental cond i-
t ion. Exchanges at the centro meres were not evaluated . 
8-MOP (Paul B. E lder Co.) was recrysta ll ized two 
t imes by adding a n excess of water to a solution of 8-M OP 
in methanol. In all experiments dilutions were made from 
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the same stock so lution of 8-MOP (5 x 10 - ' M in 100 % 
ethanol) . The light source was a Phi li ps Black Light 
delivering UVA (365 nm, 2.5 mw/cm 2 as measured by a 
radiometer). Lymphocyte cultures in media were irradi-
ated in glass bottles or in plastic Falcon flasks with 
constant, gent le rotation or shaking of the vessels. 
Prior to the addit ion of BrdU, 8-MOP was added to 
selected cu lture flasks, the cells were incubated in the 
d ark for 15 min and certain flasks were irradiated. Cells 
were washed once with fresh medium and BrdU was 
added immediately. In one experiment, the concentra-
tion of 8-MOP was varied while the exposure to UV light 
was held consta nt; in another experiment, the light 
exposure was varied while the concentration of 8-MOP 
was held constant. One cu lture to which 8-MOP had been 
added was washed twice with Guy's solution prior to 
irradiation ; cells were placed in fresh medium and 
irradiated; a nd then BrdU was added. 
Our data a re based upon observations of lymphocytes 
that were exposed to 8-M OP and UV A prior to cultiva-
tion in BrdU. The method for the detection of SCE 
depends upon the incorporation of BrdU into DNA for 
twO cel l cycles suc h t hat one chromatid is fully labeled 
and the other half-labeled with BrdU. Cells that had 
incorporated BrdU prior to exposure to UVA were killed , 
presumably because these conditions introduced irrepa-
rable breaks in cellular DNA [16 ]. 
RESULTS 
The Table is a summary of our results obtained 
from counting SeE in several experiments. At 
least 50 cells were scored for each experimental 
condition in experiment A and the number of 
exchanges in ce lls exposed to both 8-MOP and UV 
light represents an increase of 247 % over the 
control. In experiments Band e, 20 to 30 cells were 
scored for each experimenta l cond ition. Exchanges 
were more frequent in longer chromosomes than in 
shorter ones. Furthermore, especially in cells 
exposed to 8-MOP and UVA, exchanges tended to 
be grouped in cluste rs at certa in chromosomal 
sites. The ends of chromosomes were frequent sites 
of SeE (F ig.). 
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DISCUSSION 
These data show that combined exposure to 
8-MOP and UVA promotes SeE in chromosomes 
of human lymphocytes in culture. Neither agent 
alone produces the effect, and the number of 
exchanges is a function not on ly of the concentra-
tion of 8-MOP but also of the amount of irradiation 
given. The effect of 8-MOP is dependent upon 
irradiation being given in the presence of psoralen. 
The drug appears to be washed out readily , which 
elim inates an effect of subsequent irradiation on 
I 
-
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FIG. Photomicrograph showing sister-chromatid ex-
changes (SCE) in metaphase chromosomes of one cell 
prepared from a culture of human peripheral leukocytes. 
After exposure to 8-MOP (5 x 10 - 7 M) and UV li ght (365 
nm, 2.5 mw/cm ' , 5 min), cells were cultivated for 72 hr in 
medium contain ing BrdU (6 /lg/ml) and stained with 
Hoechst 33258 and Giemsa as described in the text. 
There are 19 SCE in this cell. The bar represents 10 /lm. 
TABLE . Sister-chromatid exchanges in human ly mphocytes 
8-MOP is 8-methoxypsora len. UVA is UV irradiation from a Philips Black Light (365 nm , 2.5 mw/cm '). Experiment 
A: Cells cultivated and irradiated in glass bottles; exchanges counted in at least 50 cells for each condition. Experiments 
Band C: Cells cultivated and irradiated in plastic flasks; exchanges counted in 20 to 30 cells for each condition. 
A. Control 
8-MOP (5 x 10 - 7 M) 
UVA (15 min) 
8-MOP + UVA 
B. Control 
Conditi ons 
8-MOP (5 x 10 - 1 M) 
8-MOP + UVA (5 min) 
8-MOP + UVA (10 min) 
8-MOP + UVA (15 min) 
C. Control 
UVA (10 min) + 8-MOP (5 x 10- ' M) 
UVA (10 min) + 8-MOP (5 x 10- 7 M) 
UVA (10 min) after wash-out of 8-MOP (5 x 10 - 7 M) 
Exchanges per cell 
13.1 ( ± 2.67) 
11.7 ( ± 2.78) 
11.6 ( ± 2.29) 
32.5 ( ± 5.64) 
11.2 ( ± 2.47) 
12 .5 ( ± 2.75) 
19.4 ( ± 2.81) 
27.7 ( ± 2.87) 
35.9 ( ± 8 .49) 
13.2 ( ± 1.93) 
21.3 ( ± 3.65) 
28.2 ( ± 3 .01) 
12.3 ( ± 2.71) 
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t he number of SCE. The phenomenon presumably 
relates to photomediated, covalent binding of pso-
ralen molecules to chromosomal DNA. In simila r 
experimental conditions, psoralens produce pho-
tomediated cross- links in DNA of several cell types 
in cul tu re [17] . Chromosomal damage affecting 
one strand of DNA, such as is produced by x-rays 
or UV light (260 nm), promotes SCE; and ex-
changes a re frequent with agents which form 
interstrand, DNA cross- links (e .g., mitomycin C) 
[18 ]. It seems likely t hat the present finding of an 
increase in SCE relates to the formation of psora-
len- DNA photoadducts in lymp hocytes under the 
conditions employed . S ince psoralens bind prefer-
entially to pyrimidine bases in DNA, and since 
production of psoralen-DN A cross- links requires 
pyrimidines in each DNA strand at adjacent sites, 
psoralen-induced exchanges might be more fre-
quent in segments of t he chromosome which are 
enriched for repetitious sequences of purines and 
pyrimidines such as adenine (A) and thymine (T). 
lt is t hought that hum an chromosomes conta in 
such A-T-rich segments [19]. Our impression that 
t he exchanges promoted by 8-MOP and UVA tend 
to occur in clusters at certain chromosomal sites is 
consistent with t he notion that there ex ist chromo-
soma l "hot-spots" for psoralen-induced exchanges. 
T he sign ificance of SCE is not yet known. Some 
worke rs suggest t hat exchanges might denote the 
operation of chromosomal repair mechanisms [18 ]. 
Introduction of single-strand breaks, or nicks, in 
DNA is an enzymatic feature of repa ir replication, 
t he ce llular mechanism for excision of thymine 
dimers produced by UV light [20 ]. In order for 
t here to be reciprocal chromatid exchanges, it is 
clear that break ing and rejoining of DNA must a lso 
take place . Simi lar enzymic activ ities might be 
employed for dimer excision and for exchanges, but 
sinc8 exchanges occur in excision-defect ive ce lls 
from patients with xeroderma pigmentosum [21] 
it is unlikely t hat identical enzymic activities 
accoun t for both phenomena . Murine me lanoma 
cells, murine lymphoma ce lls, and human fibro-
blasts show evidence of cross-link exc ision within 
24 hr of their production by exposure to psora lens 
and UV A [17]. The increase in sister-strand chro-
mosomal exchanges produced under similar suble-
thal condi tions in the present experiments can 
thus be correlated with cross-link exc ision and 
suggests that exchan ges are a cytologic manifesta-
tion of DNA-repair phenomena. Because ex-
changes are common in untreated ce lls, it appears 
that the lymp hocyte has a great capac ity for t his 
sort of response to environmenta l condi tions. 
SCE have recently been proposed as a means for 
detecting the mutagenicity or carc inogenic ity of 
drugs and chemicals [22 ]. Psoralens and UV light 
are mutagenic in bacteria [23 ]. Our present expe ri-
ments indi cate that recombinational events have 
taken place in human chromosomes in vitro, and 
one might expect to find evidence of alterations of 
genes on chromosomes in response to the treatment 
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given. We have not studied functional chromo-
somal markers in these experiments, however, and 
our data do not answer t he important question of 
somatic cell mutation promoted by psora lens and 
light. There is considerable evidence that the 
pigment-enhancing, photoprotective properties of 
psoralens and UV A a re actually protective against 
cutaneous neoplasia [24 ]. Our experimental condi-
tions simulate those employed in t he treatment of 
vitiligo and psoriasis, and further studies on the 
biologic consequences of this form of therapy are 
warranted. The penetration of UV A in an irradi-
ated subject, however, is limited to the skin and it 
is present ly unknown whether there is signifi cant 
binding of psoralens to extracutaneous tissues. 
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REFERENCES 
1. Patha k MA, Kramer DM, Fitzpatrick TB: Photo-
biology and photochemistry of furocoumarins 
(psora lens), Sunlight and Man: Normal and Ab-
normal Photobiologic Responses. Edited by MA 
Pathak, LC Harber, M Seiji , A Kukita ; ed itoria l 
consu ltant, TB Fitzpatrick. Tokyo, Univers ity of 
Tokyo Press, 1974, p 336 
2. Lerner AB, Denton CR, Fitzpatrick TB: Clinical a nd 
exper imenta l stud ies with 8-methoxypsoralen ill 
vitiligo. J In vest Oermatol 20:299- 314, 1953 
3. Musa}o L, Bardin F, Caporale G, Marciani S, Rig-
a~tl G: Photoreactions at 3655 A between pyrimi-
dme bases and skin-photosensitizin g furocou-
marins. Photochem Photobiol 6:711-719, 1967 
4. Pathak MA, Kramer DM: Photosensiti zation of 
skin in vivo by furocourmar ins (psoralens). Bio-
chim Biophys Acta 195: 197- 206, 1969 
5. Cole RS: Light-indu ced cross- linking of DNA in the 
presence of a furocoumarin (psora len). Biochim 
Biophys Acta 217:30- 39, 1970 
6. Ben-Hur E, Elkind MM: Psoralen plus near UV in-
activation of cu ltu red Chinese hamster ce lls and 
its relation to DNA cross-links. Mutat Res 18: 
315- 324, 1973 
7. Carter OM, Pawelek JM, Condit ES, Koch NG: 
Stimulat ion of ty rosinase activity by t rimethyl-
psora len and UV light in pigment cells (abstr). J 
Invest Oermatol 62:347, 1974 
8. Walter JF, Voorhees JJ, Kelsey WH, Duell EA: 
Psora len plus black light inhibi ts DNA synthesis. 
Arch Oermatol 107:861 - 865, 1973 
9. Parrish JA, Fitzpatrick TB, Tanenbaum L, Pathak 
MA: Photochemotherapy of psoriasis with oral 
methoxsalen and longwave UV light. N Engl J 
Med 291: 1207- 1312, 1974 
10. Wolff K, Honigsmann H, Gschnait F, Konrad K: 
Photochemotherapie bei Psoriasis. Dtsch Med 
Wochenschr 100:2471- 2477, 1975 
11. Baden HP, Parri ngton JM , Oelhanty JDA, Pathak 
MA: DNA synthesis in norma l and xeroderma 
pigmentosum fibroblasts following t reatment with 
8-methoxypsora len and long-wave UV light. Bio-
chim Biophys Acta 262 :247- 255, 1972 
12. Cole RS: Repair of DNA conta ining in terstrand 
cross-links in E. coli: sequen tia l exc i~ i on a nd re-
comb inat ion. P roc Natl Acad Sci USA 70: 1064-
1068, 1973 
13. Pfeiffer RA: Cell cu ltures from blood and bone mar-
row, Methods in Human Cytogenet ics. Edited by 
HG Schwarzacher, U Wolf. Berlin/Heidelberg/ 
New York, S pringer-Verlag, 1974, pp 26- 28 
14. Schwarzacher HG: Preparation of meta phase chro-
mosomes, Methods in H uman Cytogenetics. 
Edited by HG Schwarzacher, U Wolf. Berlin/ 
Oct. 1976 
15. 
16. 
17. 
18. 
19. 
20. 
Heidelberg/New York, Springer- Verlag, 1974, 
pp 7S-S1 
Perry P , Wolff S: New Giemsa method for the differ-
entia l stain ing of sister chromatids. Natu re 
(Lond) 25 1: 156- 15S, 1974 
Regan JD, Setlow RB, Kaback MM, Howell RR, 
Klein E, Burgess G: Xeroderma pigmentosum: 
a rapid sensitive method for prenatal diagnosis. 
Science 174:147- 150, 1971 
Carter OM: Bio logica l effe cts of photomediated bind-
ing of trimethyl psora len to DNA (abstr). J Invest 
Dermatol 64:288, 1975 
Latt SA: Sister chromatid exchanges, indi ces of hu-
man chromosome da mage and repa ir: detection 
by flu orescence and induction by mitomyc in C. 
Proc Natl Acad Sci USA 71:3162- 3l 66. 1974 
Weisb lum B, deHaseth PL: Quinacrine, a chromo-
some sta in specific for deoxyadenylate- deoxy-
thymidi late-rich regions in DNA. Proc Natl Acad 
Sci USA 69:629- 632, 1972 
Cleaver JA: Repair processes for photochemical 
21. 
22. 
23. 
24. 
S ISTER-CHROMATID EXCHANGES 551 
damage in mammalian cells, Advances in Radia-
tion Biology. Edited by JT Lett, HAdler, M Zelle. 
New York, Academic, 1974, p 6 
Wolff S, Bodycote J , Thomas GH, Cleaver JE: Sis-
ter chromatid in xeroderma pigmentosum cells 
that are defective in DNA excision repa ir or post-
replication repair . Genetics 81 :349- 355. 1975 
Perry P, Evans HJ : Cytological detection of muta-
gen- carcinogen exposure by sister chromatid ex-
cha nge. Nature (Lond) 258: 121- 125, 1975 
Igali S, Bridges BA, Ashwood-Smith MJ , Scott BR: 
Mutagenesis in E. coli. rv. Photosensitization to 
near UV by 8- methoxypsoralen. Mutat Res 9:21-
30, 1970 
Pathak MA, Kramer OM, Fitzpatrick TB: Photo-
biology and photochemistry of furocoumarins 
(psora lens) , Sunlight and Man: ormal and Ab-
norma l Photobiologic Responses. Edited by MA 
Pathak, LC Harber, M Seiji , A Kukita: ed itorial 
consultant, TB Fitzpatrick. Tokyo, University of 
Tokyo Press, 1974, p 362 
